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ABSTRACT
In this work a traditional high entropy alloy (FeCoNiCrAl) was reinforced by uniformly
distributed reactive silicon carbide (SiC) particles by a powder metallurgy synthetic route,
using as precursors simply mixed powders or mechanically prealloyed ones. The reactive
sintering produced a single isomorphic BCC structure. The sample microstructure resulted
equiassic, more homogenous in samples based on prealloyed powders. The instability of SiC
in the presence of metal precursors resulted in the formation of more stable carbides and
silicides, as well as in carbon diffusion in the high entropy alloy matrix and partially
unreacted SiC particles. The formation of these newly formed fine precipitates, as well as the
presence of residual SiC were useful to increase the hardness of the alloy.
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Introduction
Traditional alloys are typically composed of one or two
main elements, but a new class of metallic materials
composed of at least five major components [1–3]
with nearly equiatomic concentration have attracted
much attention across the world, due to their unique
properties [4], such as high hardness, strength, [5]
wear resistance [6] corrosion resistance [7] and excel-
lent mechanical properties both at high and low temp-
erature [8–10]. Conventionally, simple solid solution
structures, such as FCC or BCC, are formed due to
the high entropy effect which balances the enthalpy
of mixing [11]. Hence, this new class of alloys has
been called high entropy alloys (HEAs). According to
the literature [7,12–14], the most employed processing
routes for synthesising HEAs are: from the liquid state
(e.g. melting and casting) [7,13–19], from the solid
state (powder metallurgy,[17,20–22]), from the gas
state (sputtering techniques, [7,14]) and via electroche-
mical processes [23]. Among the solid state routes, the
most used ones are mechanical alloying [17] and spark
plasma sintering (SPS) [21]. Nevertheless a new syn-
thetic method has recently been explored by the pre-
sent authors [24–27], using high frequency
electromagnetic fields in the microwave range which
enables to overcome the limits of current liquid state
processes (defects formation, e.g. voids, dendritic struc-
tures) and solid state ones (time demanding, i.e. long
synthesis due to slow diffusion processes) [24,28]. Elec-
tromagnetic field assisted preparation of HEAs (micro-
wave, SPS) could benefit from the presence of a non-
conductive or semi-conductive secondary phase,
leading to the possibility of processing much larger
samples, due to the increase of electromagnetic field
penetration depth, and its higher efficiency [29]. In
case of ceramic particles dispersed in a metallic precur-
sors mixture, the differentiated heating of the phases is
expected, due to differences in their electric, magnetic
and dielectric properties. This could lead to the gener-
ation of peculiar temperature profiles during electro-
magnetic field exposure, which has already been
exploited in the past for the manufacturing of compo-
sites using microwave heating [30].
The use of HEAs as matrixes for the generation of
new composite materials with high toughness and
hardness, accompanied by high wear and oxidation
resistance at high temperature, constitutes a potentially
interesting field of application for engineering struc-
tures, like engines and turbines. In this framework,
HEAs were recently used as matrices in WC and Ti
(C,N)-based cermets [31] or hosting 10 vol.-% silicon
carbide (SiC) [32], to improve mechanical properties.
Metal matrix composites (MMCs) generally contain
reinforcing ceramic particles, such as SiC, alumina
(Al2O3), boron carbide (B4C) and graphite (C), having
high strength, high elastic modulus, wear and fatigue
resistance are used as reinforcement to fabricate par-
ticulate composites [33,34]. However, from a thermo-
dynamic point of view, SiC is relatively unstable in
most metal matrixes if compared to oxides (Al2O3)
and nitrides (Si3N4) [35,36]. Nevertheless, it is cur-
rently used in some MMCs thanks to the silica protec-
tive layer formed on the SiC surface in oxidising
atmosphere [37]. In fact, this thin layer prevents
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further oxidation at high temperature and increases the
apparent stability and efficiency of SiC as reinforce-
ment. However, in case of exposure to high tempera-
ture in an inert or slightly oxidative atmosphere, the
thermodynamic instability of SiC becomes dominant
in presence of transition metals [38,39].
According to literature [38,39], SiC particles
inserted in a traditional HEA containing, for instance,
Co, Fe, Ni or Cr, should react to form silicides and car-
bides starting from 800°C, with possible further liber-
ation of Si or C which can enter the HEA to form
substitutional or interstitial solid solutions.
Nevertheless, the sluggish diffusion [11,40], which is
typical of many HEAs, ensures that some SiC can with-
stand the exposure to such metals at high temperature
for a limited time period. Hence, SiC can be considered
as a possible candidate as reactive reinforcement in
HEAs, offering multiple strengthening mechanisms
dictated by the formation of solid solutions, of silicides
and carbides and by the residual presence of unreacted
SiC. This has been partially demonstrated by some of
the authors [26], who have investigated the effect of
Si-modification on HEAs, demonstrating its role in
increasing hardness and deflecting cracks. Among the
HEA systems, FeCoCrNiCu and FeCoCrNiAl are the
most studied ones [13,20]. In this work, the FeCoNi-
CrAl HEA was chosen as matrix as it contains elements
which are good carbide and silicide formers.
The aim of this paper is to evaluate the feasibility of
preparing HEAs matrix composites (FeCoNiCrAl
reinforced by 10wt-% SiC) starting fromPM technology
using mechanically prealloyed powders or mixed pow-
ders to investigate the effect of adding reactive ceramic
particles as reinforcement of HEAs. The poor stability
of SiC is expected to lead to the formation of more stable
silicides and carbides. Hence, silicon and carbon are
available for entering the solid solution of the HEA,
thusmodifying its microstructure andmechanical prop-
erties. Furthermore, if processing parameters are con-
trolled so that an enough rapid synthesis is performed,
residual partially reacted SiC can act as reinforcement,
with possible formation of adhesive and continuous
interfaces betweenmatrix and reinforcement. The strong
joints between metal and ceramic phases can be readily
fabricated by nucleation and growth of reinforcement
carbides inside the metal matrix [32,38]
Materials and methods
The elemental powders (Sigma Aldrich) that were used
as reactants to prepare FeCoCrNiAl + 10 wt-% SiC are
shown in Table 1.
Two different routes to prepare the precursor pow-
der mixture were used:
. mechanical mixing by high energy milling for 40
minutes (activation)
. pre-alloying by high energy milling for 35 hours.
This long milling time was chosen as literature
data indicate that at least 15 hours are required to
achieve mechanical alloying [25,40].
Both mixing and mechanical alloying were carried out
using a Planetary Ball Mill PM 100 by Retsch GmbH, at
250 rev min−1 in an argon atmosphere, with steel balls,
BPR 10:1 and cycles of 20 min milling followed by a 5
min break time to avoid overheating of the mixture.
The powders were then reactively sintered in a
DR.SINTER® SPS1050 (Sumitomo Coal & Mining,
now SPS Syntex, Inc., Tokyo, Japan) apparatus with
graphite punches and dies. All samples had cylindrical
geometry with a height of 5 mm and a diameter of
20 mm. SPS was performed at a nominal maximum
temperature of 1000°C (measured with a thermocouple
inserted into a blind hole in the die wall), with an uni-
axial pressure of 60 MPa. The heating rate was 100°C/
min up to 950°C and 50°C/min up to the set sintering
temperature. The maximum temperature and pressure
were held for 5 minutes, before allowing the furnace to
cool down to room temperature.
All samples were subsequently annealed at 1200°C
for 50 h in a tubular furnace, in a reactor containing
titanium-shavings as getters, to reduce oxidative
effects. The heat treatment was performed to improve
samples homogeneity, leading to the possible for-
mation of a single-phase (BCC solid solution in case
of the investigated system).
The crystal structure was characterised by using an
X-ray diffractometer (X’Pert PRO – PANAlytical)
with Cu-Ka radiation and the microstructure was
observed, after metallurgical preparation and etching
by saturated FeCl3 in C2H5OH-30%, with optical
microscope Reichert-Jung. High-magnification micro-
graphs and semi-quantitative chemical analyses were
carried out using Scanning Electron Microscopy
(SEM/ESEM – Quanta200 – FEI and SEM/FEG Nova
NanoSEM 450 – FEI) in conjunction with energy dis-
persive spectrometry (EDS). Instrumented nano inden-
tation (CSM Instruments) was used to perform depth-
sensing nano-indentation tests. A 100 mN force with
linear loading/unloading rate of 150 mN/min was
applied for 15 seconds. The indentations were per-
formed using a Berkovich tip and the elastic modulus
and equivalent Vickers hardness were calculated
Table 1. Composition of the metal powders used (BCC = body
centred cubic; FCC = face centred cubic; HCP = Hexagonal
close-packed arrangement).
Element Purity (%) Particle size (μm) Cell
Fe 97.00 <44 BCC
Co 99.80 <2 HCP
Ni 99.70 <5 FCC
Cr 99.00 <44 BCC
Al 99.00 <75 FCC
SiC 97.50 <40 HCP
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according to the Oliver and Pharr method [41]. Micro-
hardness tests (Wolpert group 402 MVD instrument,
Vickers, Wilson Wolpert Instruments, Aachen,
Germany) were carried out as well, using 1 kg load.
Results
The use of SPS allowed to consolidate the powders in
less than 30 minutes, including cooling.
To confirm the formation of HEAs following SPS,
XRD analyses were carried out and the results are
shown in Figure 1. As can be observed, independently
of the precursors used (i.e. mixed or prealloyed pow-
ders) the formation of two solid solutions (BCC and
FCC) is evident and can be ascribed to an incomplete
interdiffusion of the metal species, given the extremely
short synthesis time [28]. A more detailed discussion of
these results combined with EDS analyses is presented
later in this paper. However, despite the rapid reactive
sintering, the SiC particles appear to have already
reacted with the matrix. This is evidenced in Figure
2, which shows a BSE image of a SiC particle (black)
embedded in the HEA matrix Figure 2(a), and the cor-
responding Si and Cr elemental map Figure 2(b). The
infiltration of the HEA matrix (in purple) in the par-
tially decomposed SiC as well as the Si outward diffu-
sion (black dots) is evident (Figure 2 (b)). The
interface interaction is evident also from the images
shown in Figure 3, where the reactivity of SiC in the
presence of mixed or prealloyed powders is compared.
The microstructures of as-synthesised FeCoNiCrAl
with 10 wt-% of SiC, before any annealing heat treat-
ment, starting from mixed powders are shown on the
left (Figure 3 (a–c)), while the microstructures in case
of prealloyed powders are shown on the right (Figure
3 (b–d)). In both cases, the HEA embeds the partially
decomposed SiC particles (darker particles in the low
magnification micrographs in Figure 3(a) and Figure
3(b)), which in case of mixed powders present more
rounded edges, indicating reactions with a transient
liquid phase. The micrographs with higher magnifi-
cation (Figure 3(c) and Figure 3(d)) show a single
SiC particle infiltrated with the HEA. The area fraction
occupied by the infiltrating alloy (light grey phase) is
much higher in the case of mixed powders than in
case of prealloyed powders. This could be noticed
also macroscopically by monitoring the displacement
of the piston in the SPS equipment as a function of
temperature, as shown in Figure 3 (e–f). A significantly
higher displacement occurs when using mixed pow-
ders. The displacement is given by two concurrent
phenomena: at low temperatures, the prealloyed pow-
ders are already reinforced by solid solution formation
and the high energy milling strain hardened the alloy;
at higher temperature, when softening takes place
and the first liquid phase is expected to appear, a
much higher piston displacement is registered in case
of mixed powders. This could be ascribed, for the
same applied SPS cycle, to the formation of a larger
quantity of liquid phase in case of mixed powders.
This liquid phase formation could be ascribed to the
exothermal contribution deriving from the reactions
leading to the formation of the HEA, which, instead,
had already been released in case of prealloying. More-
over, during SPS the SiC particles embedded in mixed
powders are exposed to transition metals and their
alloys, while they are exposed to an already formed
Figure 1. XRD pattern from powder to HEAs of FeCoNiCrAl
after synthesis.
Figure 2. FeCoNiCrAl + SiC after SPS (a) SiC decomposition (b)
distribution map of Si e Cr.
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HEA in case of prealloyed powders. This, as discussed
later, has significant effects on the way SiC instability
occurs at high temperature. Hence, the use of different
powders has consequences on the SiC reactivity in the
as-synthesised samples, but such differences are
expected to be mitigated after prolonged annealing.
The diffraction patterns after the annealing heat
treatment, which is expected to improve homogeneity,
are shown in Figure 4. Only one phase (BCC) is present
in both systems. This can be ascribed to the possible
positive effect of Si (and Al) which promote the for-
mation of a BCC structure [40].
The X-ray diffraction patterns after annealing also
show the presence of Cr-carbides (Cr7C3) as labelled
in Figure 4. Cr silicides are present as well. As expected,
SiC is unstable in the presence of transition metals such
as Co, Ni, Fe, Cr [38]. This instability, favoured by the
long time exposure to 1000°C during annealing, results
into the inclusion of Si in the HEA matrix, the fine pre-
cipitation of metal transition silicides and chromium
carbides and possible diffusion of the excess carbon
in the HEA matrix. The latter was investigated
indirectly by nano-hardness measurements and
shown later. The great negative free-energy formation
of HEAs, the relatively low-temperature liquid for-
mation through eutectic reactions may provide the
driving force [41] to offer thermodynamic conditions
which makes SiC unstable. Due to the SiC instability
Figure 3. Microstructure of MPEAs after synthesis: FeCoNiCrAl + 10%SiC (a–c) mixed and (b–d) prealloyed after SPS, plot of displa-
cement vs temperature during SPS synthesis of mixed (e) and prealloyed (f) powders.
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[38], two types of SiC-Me reactions are possible [42]:
formation of silicides and free carbon or formation of
carbides and silicides. The latter is more likely to
occur in the presence of Cr while the former occurs
in the presence of Ni. The simultaneous occurrence
of these two elements is expected to lead to the for-
mation of complex reaction layers between SiC and
the surrounding matrix, dominated by the Cr carbides
formation according to the sequence SiC/Cr5Si3C/
Cr7C3/Cr23C6/Cr [42].
As a matter of fact, at temperatures higher than
1000°C like the ones used during annealing, Cr car-
bides are the most stable carbides in the system, fol-
lowed by silicon carbide. The calculated free energy
of formation of Cr7C3 at 1000°C is of –77.21 kJ/mol,
while it is –75.31kJ/mol for SiC [43]. The excess carbon
deriving from decomposition of SiC can also lead to the
formation of interstitial carbides, but at lower quantity
than expected, as confirmed by microhardness values
(Figure 9) and element maps distribution of Si and
Cr in Figure 2(b).
Independently on the kind of starting powders
(mixed or prealloyed), after heat treatment the same
microstructure was detected: coarse equiaxic grains
and coarse platelets of a second phase (Figure 5).
The microstructures due to complicated reactions of
the inter-diffusion processes into the HEAs precursor
after heat treatment, were observed. On the transversal
sections of both kinds of samples (Figure 5) the SiC
reinforcement particles completely disappeared and
large platelets of a second phase have formed in their
Figure 4. XRD pattern of HEAs synthesised after heat
treatment.
Figure 5. Microstructure of HEAs after heat treatment.
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place. In the case of prealloyed HEAs, the platelets of
the second phase result to be more uniformly distribu-
ted. The platelets are likely to be the reaction products
of the starting HEAs transition metals like Cr, Fe, Ni
and Co, with SiC, leading to the formation of carbides
and silicon-enriched alloys, as previously discussed
[38].
To better clarify the element distribution, the EDS
maps of heat-treated samples are shown in Figure 6.
The samples exhibit a homogenous distribution of Si,
deriving from the SiC dissociation [32], which prob-
ably acted as nucleating agent of a BCC phase, in agree-
ment with literature [44].
Regarding HEAs systems, in agreement with litera-
ture [28,39], the EDS analyses revealed the presence of
two compositionally different phases, as shown in
Table 2: one solid solution named SS-2 and the other
named SS-1. The former contains fine precipitates as
better documented by the SEM image of Figure 7, the
latter was a Cr–Fe richer phase with Cr carbides
formed as the result of SiC decomposition [38].
Mechanical properties were preliminary investi-
gated by instrumented indentation and microhardness
testing on heat-treated samples. The newly formed
solid solution, Si-enriched, BCC, showed completely
different mechanical properties compared to the
same alloy before the heat treatment.
Nano-indentation tests on the two different zones,
identified by the previous analyses, are collected in
Table 3. HV and E of the isomorphic samples, i.e. the
two zones having different chemical composition but
characterised by the crystal structure, are shown in
Figure 8 and Figure 9 respectively. After annealing
both values were increased thanks to the precipitation
of carbide. The microhardness results (Figure 10) were
compared with the ones measured in a previous work
by the present authors [26], without the introduction
of SiC as reinforcement: as expected, the presence of
SiC leads to a higher hardness value. This high hard-
ness can be interpreted on the basis of fine carbide pre-
cipitations and of solid solution strengthening, the
latter being evident from the high hardness obtained
by nano indentation of each of the two isomorphic
Figure 6. Element map distribution of FeCoNiCrAl + 10%SiC obtained by SPS of (a) prealloyed and (b) mixed powder.
Table 2. EDS analysis of the two zones detected: Solid Solution
with fine precipitates and a Cr–Fe richer (SS-2) phase with
M3C2 carbides.
at [%] at [%]
Element Cr–Fe Rich Co–Ni–Al-rich Cr–Fe Rich Co–Ni–Al-rich
Fe 21.68 16.43 21.26 16.95
Co 5.94 21.75 8.12 22.27
Ni 1.12 24.58 3.49 24.46
Cr 70.34 2.11 63.90 2.25
Al 0.89 19.71 1.65 18.26
Si 0.03 15.42 1.57 15.81
Figure 7. (a) Prealloyed and (b) mixed HEAs microstructures after heat treatment.
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phases. As well-known, precipitation hardening is
designed to remarkably increase strength and tough-
ness by the formation of extremely fine precipitates
in the matrix. Following annealing of the starting
solid solution, the resulting matrix was supersatured
with the precipitate-forming silicides which nucleated
uniformly throughout the matrix, see BSE image in
Figure 7.
Rather interestingly, the measured hardness values
of the solid solutions in both samples are near the hard-
ness of the carbides [45] and, despite the isomorphism
of samples, as evidenced by SEM-EDS analysis, the
micro hardness of the two different phases resulted
similar. The hardness in case of HEA prepared starting
from mixed powders resulted, prior to annealing,
higher than in case of prealloyed powders. This effect
might be ascribed to the different SiC reactivity
demonstrated by the micrographs and temperature dis-
placement graphs shown in Figure 3 (a–f). In both
cases, as the result of SiC reactivity, the formation of
reinforcing silicides and carbides is expected. However
the SiC decomposition occurs to a larger extent when
using mixed powders. This difference is mitigated by
the high-temperature annealing, conducted above the
instability temperature of SiC in presence of Fe, Ni
and Cr: in this case the formation of the reinforcing
precipitates occurs with SiC exposed to the same
HEA matrix obtained by SPS and the resulting hard-
ness values are similar, independently of the type of
powders precursors used.
Conclusions
In this work FeCoNiCrAl HEAs reinforced with uni-
formly distributed SiC ceramic particles were syn-
thesised using the powder metallurgy route. SPS was
used as a reactive sintering technique due to its rapid
heating and possibility to apply pressure during syn-
thesis. The synthesis produced a single isomorphic
BCC structure independently of the starting powders
mixture (prealloyed or mixed). The prealloyed powders
permitted to obtain a slightly more homogenous
microstructure than the simply mixed one. Instead,
the use of mixed powders led to a larger formation of
liquid phase, which subsequently affected the SiC
reinforcement and microhardness. The addition of
Table 3. Mechanical properties.
Before heat treatment
FeCoNiCrAl (mixed) + 10%SiC_SPS
HIT HV E (GPa) HV1
Fe–Cr-rich Average 7099.6 1017.7 272.8 726.1 ± 22.8
Std dev 1765.6 181.04 28.3
Co–Ni–Al-rich Average 11064 905.2 226.1
Std dev 1567.2 132.4 34.2
FeCoNiCrAl (prealloyed) + 10%SiC_SPS
HIT HV E (GPa) HV1
Fe–Cr-rich Average 6911.6 662.6 223.8 810.9 ± 21.2
Std dev 651.1 60.3 22.4
Co–Ni–Al-rich Average 7154.6 640.0 181.3
Std dev 512.2 47.4 20.1
After heat treatment
FeCoNiCrAl (mixed) + 10%SiC_SPS_HT
HIT HV E (GPa) HV1
Fe–Cr-rich Average 14994.8 1325.5 278.2 795.4 ± 22.0
Std dev 2512.4 211.7 15.3
Co–Ni–Al-rich Average 9766.1 914.8 258.7
Std dev 298.4 27.6 10.3
FeCoNiCrAl (prealloyed) + 10%SiC_SPS_HT
HIT HV E (GPa) HV1
Fe–Cr-rich Average 10681.6 1148.3 226.9 951.9 ± 25.8
Std dev 2124.1 174.5 17.7
Co–Ni–Al-rich Average 11597.9 1066.9 233.2
Std dev 666.4 61.6 17.6
Figure 8. E [GPa] calculated in the SS-2 (Cr–Fe rich phase) and
solid solution (SS-1).
Figure 9. HV0.1 calculated in the SS-2 (Cr–Fe rich phase) and
solid solution (SS-1).
Figure 10. HV1
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SiC, which is unstable at high temperatures due to the
presence of transition metals, leads to modification of
the original HEA matrix with Si and the precipitation
of fine metal transition silicides and chromium carbide.
The formation of fine carbide and silicides increases
the hardness of alloys, as demonstrated by mechanical
tests.
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